The effect of elevated temperature on the bioleaching of copper from chalcopyrite, (CuFeS 2 ) via iron oxidation using Acidithiobacillus ferrooxidans under mesophilic conditions was studied. It was shown that temperature tolerant and ore adapted strains of At. ferrooxidans could extract copper significantly better than non-adapted cultures at elevated temperatures. The presence of soluble iron and its oxidative state, as a determining factor in copper leaching were found to be closely related to pH and temperature.
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INTRODUCTION
Recently, there has been much interest in the development of biohydrometallurgical methods for the extraction of copper from sulphide minerals because they have many advantages over the more traditional pyrometallurgical techniques, including reduced emissions to air, simplicity of operation, low cost and applicability to low-value ores or mineral resources that can not be treated by conventional mining techniques , Hsu and Harrison, 1995; Bosecker, 1997; Krebs et al., 1997) . Amongst the metal sulphides that are oxidised by acidophilic bacteria, chalcopyrite (CuFeS 2 ) has deserved special attention since it is the most abundant copper-bearing mineral worldwide and also the principal mineral source from which copper is recovered commercially (Devi et al., 2000; Bevilaqua et al., 2004) . The bioleaching of chalcopyrite at low temperatures (<35ºC) is usually done with one of a group of mesophilic bacteria usually either Acidithiobacillus ferrooxidans or Leptospirillum ferrooxidans because they can oxidise iron at a high rate, exhibit rapid growth and are able to tolerate high solid densities and iron concentrations. At. ferrooxidans (Kelly and Wood, 2000) is a wellknown iron and sulphur oxidizing bacterium and its role in the mining industry has been extensively reviewed (Torma, 1977; Lundgren and Silver, 1980; Ingledew, 1982; Imaizumi, 1986; Shiratori and Sonta, 1993; Rawlings, 1997) . This organism oxidizes ferrous (Fe 2+ ) iron to ferric (Fe 3+ ) iron under acidic aerobic conditions to obtain energy for its growth. The latter can serve as an oxidant for the dissolution of sulphide minerals in bio-oxidation tanks or bioleaching heaps. Therefore the extraction of copper from chalcopyrite using micro-organisms is a combination of highly complex indirect chemical and biochemical leaching (by bacterial attachment) that occur simultaneously at the solid/liquid interface. This makes the understanding of solution chemistry more complicated and the role of key variables such as pH, temperature and ferric concentration more difficult to quantify and interpret. Further the role and relative significance of the direct and indirect leaching mechanisms on mineral sulphide ores are not very well understood. Indeed, the mesophilic bioleaching of chalcopyrite is currently very slow and inefficient for a number of reasons. The chemical and microbial breakdown of chalcopyrite is basically ineffective at low temperatures because of the formation of diffusion barriers on mineral surfaces that slow down copper bio-extraction (Karimi et al., 2004; Rodreguez et al., 2003) . However, some evidence suggests that at elevated temperatures the precipitation of iron as insoluble Jarosite (XFe 3 (SO 4 ) 2 (OH) 6 ), which is thought to function as a biomass carrier, further enhances bacterial iron oxidation (Kinnunen and Puhakka, 2003) . So the ability to increase the temperature of the process to improve bioleaching efficiency is important for the large scale effective treatment of refractory copper sulphides because it may prevent the formation of a diffusion barrier or passive layer on the mineral surface (Gericke et al., 2001; Petersen and Dixon, 2002; Third et al., 2000) . Therefore in this work we compare the ability of temperature tolerant and ore adapted strains of At. ferrooxidans with nonadapted strains of At. ferrooxidans to operate efficiently at conditions out of their normal optimum range.
METHODS AND MATERIALS

Bacterial strain and culture conditions
Acidithiobacillus ferrooxidans (ATCC 19859) was used to inoculate the growth medium/chalcopyrite suspension or the growth medium (GM) where appropriate.
Inoculum (~1.7 x 10 7 cells/ml) was produced on the GM and maintained at 4 o C. GM 
Temperature adaptation experiments
Adaptation of At. ferrooxidans (ATCC 19859) to grow at higher temperatures (35 o C , 38 o C, 40 o C and 42 ºC) was done by sequentially sub-culturing in 50 ml GM per 500 ml shake flask shaken at 100 rpm and the required temperature. Since iron oxidation rate is proportional to bacterial growth, iron oxidation (ferrous to ferric) curves were used to follow the adaptation process. The culture was considered to be adapted when the time for complete ferrous oxidation was comparable to that achievable at 30 ºC and the experiment terminated. The adapted strain from the immediately preceding temperature study was always used as the starting point for the next adaptation experiments at a higher temperature. Iron oxidation rate for each successive subculture was compared to that achievable from a non-adapted strain at 30 ºC.
Adaptation to grow on chalcopyrite
Adaptation of At. ferrooxidans (ATCC 19859) to grow on chalcopyrite as the sole iron source was done by sequentially sub-culturing in 50 ml GM made up without FeSO 4 ·7H 2 O but supplemented with 5% w/v chalcopyrite in 500 ml shake flasks shaken at 100 rpm and 30 o C. The adapted strain from the immediately preceding adaptation study was always used as the starting point for the next adaptation experiment. Control flasks were also set up as above but without inoculation with At.
ferrooxidans.
Analytical techniques
For all experiments, 10 ml samples were taken and filtered through a 0.45 μm cellulose acetate membrane filter to remove precipitates and then acidified with 1.5 μl concentrated HNO 3 per 1 ml sample. This was kept at 4 o C for total iron and copper content analysis using a Model 751 atomic absorption spectrophotometer (Instrumentation Laboratory, USA). The remainder of the sample was used to measure temperature, pH and in all cases reduction-oxidation (redox) potential using a Water Test Meter (Hannah Instruments, UK) calibrated as per the manufacturers instructions. Manual cell counts were done using a phase-contrast microscope and a Thoma counting chamber (depth, 0.02 mm) from suitably diluted samples such that the total number of cells/ml could be back calculated. For ferrous iron concentration analysis 10 ml Spekker acid (375 ml concentrated sulphuric and phosphoric acid made up to 1l with distilled water) was added to 5 ml of culture sample. This was titrated against standard potassium dichromate, using sodium diphenyl sulphonate as an indicator, such that the concentration of ferrous iron g/l is equal to the volume of potassium dichromate titrated.
RESULTS AND DISCUSSION
A series of experiments was carried out in 500 ml shake flasks to investigate the iron oxidation capability of At. ferrooxidans at a range of temperatures using FeS0 4 or chalcopyrite as the sole iron source. Reproducible measurements of pH, redox potential (mV), total iron in solution mg/l, total copper in solution mg/l, total ferrous iron in solution and number of cells/ml were made for duplicate experiments (not all data shown, Figures 1 -6) .
Effect of higher temperature on iron oxidation
The ability of a mesophilic ( (Figure 2 and 3 , not all data shown). As temperature increased iron oxidation was more sensitive to temperature such that more subcultures were required at the higher temperatures to achieve complete Fe 2+ oxidation in a comparable time to that achieved at 30 o C. Such adapted cultures were used in subsequent bioleaching experiments.
Effect of elevated temperatures on bioleaching with At. ferrooxidans.
The effectiveness of an unadapted At. ferrooxidans culture for copper and iron dissolution (bioleaching) from chalcopyrite at 30 ºC and 40 ºC were compared ( Figure   4a ). Both copper and iron dissolution capability was reduced at 40 ºC when compared to that at 30 o C, but this reduction was much more pronounced for copper than for iron. Indeed copper extraction reduced from 21.4% at 30 ºC to 5.9% at 40 ºC over a 26 day period indicating very poor bacterial performance at 40ºC. Iron dissolution at 30 ºC was slightly higher than that at 40 ºC however, the amount of iron released to the solution was higher than copper (Cu/Fe <1) at 40 ºC. Not unsurprisingly, the ability to oxidise Fe 2+ and release Cu from the chalcopyrite is related to bacterial growth and metabolic activity (Figure 4b ) since microbial growth was inhibited and hence redox potential low at 40 o C. This suggests that a sub-culture of At. ferrooxidans adapted to iron oxidation and growth at higher temperatures could be used for the bioloeaching of chalcopyrite at elevated temperatures.
Effect of temperature adaptation on the bioleaching of chalcopyrite.
A sub-culture of At. ferrooxidans that had previously been adapted to Fe 2+ oxidation at 40 o C was used for copper and iron dissolution (bioleaching) from chalcopyrite at 40 o C and its performance compared with that of an unadapted culture ( Figure 5 ).
Both copper and iron were dissolved at a higher rate for the adapted sub-culture when compared to that of the unadapted culture. In contrast to the results at 30 ºC, both adapted and unadapted strains released iron faster than copper at 40 ºC (i.e. Cu/Fe<1).
The temperature tolerant bacteria could extract 22.6% of the copper over a 32-day period with concomitant iron dissolution of 23.8%. For the adapted sub-culture both copper and iron dissolution are comparable to that achievable at 30 ºC with the unadapted strain this is at odds with the theory that the use of an elevated temperature should enhance chalcopyrite bioleaching. The addition of 4 g/l Fe 3+ to the GM supplemented with chalcopyrite was found to enhance the initial bacterially mediated copper dissolution rate with an unadapted strain of At. ferrooxidans at 30 o C and a temperature adapted strain at 40 ºC (Table 1) and that bioleaching then proceeds more efficiently especially at the elevated temperature. It is believed that the association between high redox potential in mesophilic (30 o C) bioleaching and the apparent decline in copper dissolution rate could be cause and effect. It is known that At. ferrooxidans can oxidise ferrous iron more rapidly than some other bacteria which causes an increase in the Fe 3+ / Fe 2+ ratio in solution however the indirect chemical cause of the bioleaching based on the chemical interaction of free ferric ions with the chalcopyrite is hindered at low temperatures and ferric iron builds up in solution (Karimi et al., 2004) . The oxidation of ferrous to ferric iron results in a higher pH which in turn reduces ferric iron solubility and hence its effect on the chalcopyrite (Gomez and Cantero, 1998; Mazuelos et al., 2001; Rodreguez et al., 2001) . This can cause a significant precipitation of iron hydroxide (partly as a layer at the mineral surface) where regenerated ferrous iron is produced (Kinzler et al., 2003; Tributsch, 2001) . Microenvironments at the mineral surfaces with a high local pH allow precipitation to continue even though the bulk pH might decrease due to the formation of iron hydroxides later. This could be connected to the high redox potential that is experienced in the bioleaching of chalcopyrite by mesophilic bacteria and could be due to the fact that after the formation of an iron hydroxide diffusion barrier or passive layer indirect chemical leaching is inhibited. This keeps the ferric/ferrous ratio high even at lower concentrations of total iron.
Bioleaching with a culture adapted to grow on chalcopyrite
It is generally accepted that any changes to the physical or chemical environment of a bacterial cell can result in a negative effect on metabolism. This can be minimised by adapting the bacteria to the new conditions. This is particularly so when laboratory strains of bacteria are exposed to natural environments. In the laboratory, cultures of At. ferrooxidans are grown on well defined media and an ideal physical environment (pH, Temperature) is maintained therefore changing the source of iron from FeSO 4 to chalcopyrite is highly likely to have a negative effect on bacterial function, which will result in a slower leaching process. Therefore the effect of bacterial adaptation to growth on chalcopyrite on any subsequent bioleaching efficiency was studied.
Bioleaching experiments were carried out on the GM supplemented with chalcopyrite as the sole iron source using unadapted and adapted cultures of At. ferrooxidans after 0, 2 and 4 weeks adaptation ( Figure 6 not all data shown). It was found that copper extraction increased considerably with adapted bacteria whilst iron dissolution decreased with adaptation time. Hence the total Cu/Fe ratio in solution increased significantly with length of adaptation. There is no clear explanation as to whether the total iron in solution is mainly controlled by iron dissolution rate or by factors affecting iron solubility during the bioleaching of chalcopyrite. However, the findings of this work suggest that the solubility of the products is controlled by factors such as temperature, pH and redox potential all of which have major roles in determining the Cu/Fe ratio.
CONCLUSIONS
It was shown that temperature tolerant and ore adapted strains of At. ferrooxidans could extract copper from chalcopyrite significantly better than non-adapted cultures at elevated temperatures. The presence of soluble iron and its oxidative state was found to be closely related to pH and temperature (with regards to the mesophilic conditions) and to be a determining factor in copper leaching kinetics. It is suggested that at higher temperatures the indirect chemical leaching of copper from chalcopyrite or contact leaching, where bacteria concentrate ferric ions close to the mineral surface (Sand et al., 2001) , dominates the leaching system. The role of adapting bacteria to grow on chalcopyrite was shown to be decisive in promoting bioleaching efficiency and demonstrates the potential of using such a system for the recovery of copper from chalcopyrite ore, which has a high ferrous iron content.
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